In this work, we exploit the findings of the screening theory of the integer quantized Hall effect (QHE) based on the formation of the incompressible strips and its essential influence on the global resistances and propose certain experimental conditions to observe the bulk to edge transition of the QHE in a phenomenological model. We propose a Hall bar design on a cleaved edge overgrown wafer, which allows us to manipulate the edge potential profile from smooth to extremely sharp. For a particular sample design and by the help of a side gate perpendicular to the two dimensional electron system (2DES), it is shown that the plateau widths can be changed and even made to vanish when changing the edge potential profile. Such a control of the edge potential implies peculiar transport results when considering the screening theory, which includes direct Coulomb interaction explicitly. We think that, these experiments will shed new light on the understanding of the QHE.
The emergent theories towards explaining the integer quantized Hall effect (IQHE) is still not constituted even almost three decades after its fascinating discovery [1] , observed at a two-dimensional electron gas (2DEG) subject to strong perpendicular magnetic field B. In a first order approximation, two main schools have emerged among others, namely the bulk [2] and the edge [3, 4] pictures, which are thought to be in contrast to each other in describing the current distribution. These two main schools are also fractionized in describing the transport properties of the current carrying states namely in between the compressible [3, 4] and the incompressible [5, 6] states. The formation of compressible and incompressible states is a direct consequence of the quantizing magnetic field, i.e. if the Fermi energy is equal to the quantized energy level (Landau level) , due to the high degeneracy, system behaves like a metal and called compressible. Otherwise, since there are no available states at the Fermi level, the system behaves like an insulator and named as incompressible. For further references it is important to define a dimensionless parameter: The filling factor ν = 2πl 2 B n el , where l B = /eB is the magnetic length and n el is the average electron density. If ν is an integer it means that all the Landau levels are fully occupied (incompressible), otherwise the highest Landau level is partially occupied, compressible.
We utilize the unusual edge properties of the cleaved edge overgrown (CEO) samples, which are known to provide extremely sharp edges [7] , to investigate current distribution indirectly within the IQHE regime. Measurements of the longitudinal and Hall resistances are proposed on these samples, to deepen the understanding of the bulk to edge transition of the IQHE using the findings of the screening theory [6] together with the semi-classical description of the transport at local equilibrium.
We predict that at narrow and high mobility CEO samples, by changing the steepness of the edge profile and using a perpendicular side gate one would observe IQHE only if the boundary conditions, i.e. the slope of the total potential, permit accumulating at least an incompressible strip at that edge. Based on our findings, we proposed two set of experiments where the transition from bulk to edge IQHE can be controllably measured.
The wafer and the sample geometry
In standard molecular beam epitaxy (MBE), usually the crystal is grown in the z−, direction layer by layer. However, recently experimentalists were able to grow materials in different crystal directions in sequential steps. As a first step a usual MBE growth process is performed then the crystal is removed from the chamber, thinned, scribed, returned to the chamber mounted at a 90 degree angle, then cleaved in-situ and regrown. This process is known as the cleaved edge overgrowth (CEO) technique [8] and the samples produced are used commonly to investigate the edge properties of such crystals via momentum resolved tunnelling experiments, if two 2DES reside near by perpendicularly [7, 9] . In these tunnelling experiments it was shown that the CEO edge provides a very steep potential approximating an infinite wall. Our sample design will likewise use CEO growth, where at one edge a side gate resides (kept at a potential V G ), meanwhile on the other edge we have a standard etching process, Fig. 1 . The global resistances R L and R H , the longitudinal and Hall, respectively, are measured by the Ohmic contacts labelled by A1, A2, B1 and B2, whereas the contacts S and D denote the source and the drain. Fig. 1 . The 3D (a) and 2D (b) projection of the sample design to measure the edge-to-bulk transition of the QHE utilizing a gated CEO edge tunable from the sharp-to-smooth potential limit. Hall bar is defined by etching on right hand side (RHS) which generates a relatively smooth potential profile, whereas on the left hand side (LHS) the CEO generated 2DES serves as an steep potential source. The steepness is inferred by the side gate (gray region), by applying a negative potential that depletes the perpendicular 2DES. The illustration is not to scale. To avoid confusion of the colors at the 2D projection, later we show the CEO side by a single color.
Essentials of the screening theory and the local Ohm's law
The self-consistent calculations of the electrostatic potential and the local electron density distribution together with a local version of the Ohm's law provided an explicit relation between the formation of the incompressible strips and the quantized Hall effect [10] . These incompressible regions (i.e. ν(x, y) =integer) have poor screening abilities, since the Fermi level falls between two consequent Landau levels. The full quantum mechanical treatment of the electron density within a mean field approximation shows that, the incompressible strips do not exist for all magnetic field values ν < 1 [6, 11] , in contrast to many-edge channel theories [12] . This is due to the finite extent of the wave functions, where the wave functions overlap when the width of the incompressible strip becomes comparable with the quantum mechanical length scales, such as the the magnetic length (wave extent) or Fermi wavelength, which defines a thermodynamic length scale. These length scales are at the same order in typical samples (n el ≈ 3.0 × 10 11 cm −2 , corresponding to λ F ≈ 25 − 35 nm) and intermediate B fields (B ≈ 5T, l B ≈ 20 nm). The second important aspect of the screening theory is to provide an explicit calculation scheme to obtain the global resistances starting from local conductivities, where all the imposed current is confined to the incompressible strip if it exists [13] . Since, there is no backscattering within these regions the longitudinal conductivity vanishes, meanwhile the Hall conductivity takes its quantized value. Whereas, if there are no incompressible strips that decouple Fig. 2 . Illustration of the density (dark green for high density, light green for low density, pink for incompressible strips) and excess current (arrows) distributions at the CEO sample, where potential is smooth on both sides (left panel) and is sharp on the right side (right panel). The complicated structure at the CEO edge is simplified by light yellow region. The smooth potential is obtained by applying −V 0 to the side gate to deplete the perpendicular 2DES. The Roman numbers indicate three different cases, namely: case I the system is completely compressible, case II the bulk is incompressible and case III the incompressible strips reside at the edges. the edges, the system behaves like a metal, i.e. finite R L and R H varies approximately linearly with the applied B field. A systematic numerical investigation of the edge potential profile depending on the edge properties of the crystal, i.e. whether the edge is gate, etching, trench or CEO defined, shows that the steeper the edge potential is, the narrower the edge incompressible strip is [14] . To be explicit, if the edge is defined by metallic gates, the potential is smooth resulting in a wide IS, if defined by etching the potential is steeper where a narrower IS resides; and in the extreme limit, if the edge is defined by CEO the IS vanishes. Such a conclusion can be drawn from the analytical calculations by Chklovskii et. al [4] (for the gate defined edges), Halperin et. al. [15] (for the etching defined edges) and by semi-analytic work by Wulf et.al. [16] (for the hard wall potential).
The global resistances are obtained using the local electron densities n el (x, y), if a prescription is given to connect the local conductivity tensorσ(x, y) with n el (x, y). Such a relation can be obtained from different approaches [17, 13, 18] , however, we confine our-selves to the simplest definition
Given the electron density one can obtain the global resistances using the local Ohm's law, j(x, y) =σ(x, y)E(x, y), for an imposed external current I. It is also important to note that, through out this work we only deal with the excess current I injected from the contacts, however, the (chiral) equilibrium current I eq is not considered. We assume that the injected current is much larger than the equilibrium current. The effect of I eq will be discussed elsewhere. Now, since the longitudinal conductivity σ L vanishes once the electronic system is incompressible, simultaneously the longitudinal resistivity and the electric field along the strip also vanishes, which can be shown easily. Therefore, the excess current is confined to these incompressible regions if an incompressible strip is formed. All the contacts are assumed to be "perfectly" ideal, i.e. the edge-states are directly connected to the source and drain contacts. For sure this picture will be changed if the contacts are not ideal, then one should reconsider the spatial distribution of the incompressible strips, hence, include scattering events and/or the effect of the electric fields near the contacts and between the boundaries of compressible and incompressible regions.
To summarize, (1) The edge ISs are smeared together by sharp edge potentials, since the steeper the edge potential is the narrower the ISs are.
(2) If an IS resides on an edge R L vanishes on that edge, while R H is quantized with the value of the IS. Fig. 3 . The expected global resistances as a function of magnetic field, when the measurements are performed at sufficiently low temperatures. In order to suppress the effect of long-range potential fluctuations high mobility wafers should be considered.
Two edge regimes at three characteristic B fields
Here we phenomenologically investigate the edge to bulk transition of the IQHE considering the sample defined on a CEO crystal. For simplicity we neglect spin degree of freedom, since the effects we are describing are universal, independent of which specific single-particle gap-forming mechanism causes the incompressible strip. Therefore, we only deal with even-integer filling factors, i.e. ν = 2k, k = 1, 2, 3.... Fig. 1a depicts the 3D illustration of the sample structure whereas fig. 1b is the top view depicting the positions of the (gray) probe (A1, A2, B1, B2) and (white) current contacts (S, D). The gray region on the side is the metallic gate deposited on the side surface to control the steepness of the potential on the RHS, the in-plane and perpendicular 2DESs are highlighted by (red) dark regions, which are formed at the interface of GaAs (yellow) / AlGaAs (blue) hetero-structure, with Silicon δ− doping on the AlGaAs side. We compare the positions and the existences of the incompressible strips in fig. 2 , the left panel presents a standard sample where both edges are smooth. At sufficiently high magnetic fields and neglecting correlation effects, the lowest Landau level is partially occupied. Hence, the electronic system is completely compressible (shown by color graded regions), therefore R L and R H are both finite, and excess current is distributed all over the sample, case I. The small deviations of the arrow directions from the electric field direction is selected to present the scattering processes. Once the field is lowered, a large bulk incompressible region is formed and the excess current is confined to this lossless region, where no backscattering is present, therefore, all arrows are directed along the applied current direction. The longitudinal resistances both on left and right sides vanish simultaneously, meanwhile Hall resistance is quantized, case II, Fig. 2c . Lowering the B field results in formation of two edge incompressible strips (case III) and once more the imposed current is confined to these strips and IQHE is observed in Fig. 2e . In the next step, utilizing the edge properties of the CEO crystal, we compare the longitudinal resistances at the right side, where the potential is steep and no incompressible strips are expected [9] . We observe (almost) no differences between the resistances when comparing the standard and the CEO sample at the highest B field interval, case I. However, if considering class II we predict that the CEO sample will show a finite R (r) L , whereas at the standard sample it vanishes. This is due to absence of the rightmost incompressible strip at the CEO sample. Interestingly, the R H is still quantized, since the left incompressible strip decouples contacts on both sides. Fig. 3 shows the expected R H (thick solid line), R L (thin solid line), whereas the vertical dashed-dotted lines indicate the bulk (case II) to edge (case III) transition of the IQHE. Since, there exists no edge incompressible strip at the right side all the current flows along the left side, however, a finite resistance due to backscattering is measured on the right side. By applying different voltages at the side gate V G , we expect that the magnetic field interval where R (r) L = 0 can be manipulated, i.e when increasing the steepness of the side potential by a positive V 0 the magnetic field interval of the R L minimum interval will become narrower. In contrast, if one applies higher negative voltages than −V 0 the side 2DES will completely disappear and even a larger incompressible strip will form on this side, i.e a larger B interval where R (r) L = 0.
Conclusion
In light of above considerations we predict that (1) at the single edge CEO sample the QHE is just due to the bulk incompressible region at the high B field side (case II), (2) while smoothing the edge potential the edge incompressible strips start to emerge at the right side thus the QHE is composed of both the bulk and the edge incompressible (low field side, case III) regions. Hence, manipulation of the edge potential profile allows us to infer different regimes of the QHE. Once the right edge behaves like a hard-wall potential, we think that a one-dimensional edge channel proposed by Halperin [3] (and utilized to explain IQHE by Büttiker [12] ) should form and the edge profile should not be important as we predict. However, the screening theory states that if the width of the incompressible edge strip becomes narrower then few magnetic lengths, backscattering takes place, hence the longitudinal resistance becomes finite.
As a final remark, recently similar asymmetries of the quantized Hall and the longitudinal resistances were reported both experimentally [19, 20] and theoretically [21, 22] , which are all attributed to the direct Coulomb interaction. In Ref. [22] , it is reported that due to the non-linear effects induced by the imposed large current the widths of the incompressible strips are enhanced (or reduced), which we believe can be exploited in magnifying the asymmetrical behavior we have discussed.
